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CALIBRATION O F  30' INCLUDED-ANGLE CONE FOR DETERMINING 

LOCAL FLOW CONDITIONS IN MACH NUMBER RANGE 

O F  1.51 TO 3.51 

By Walter  A. Vahl and Robert L. Weirich 
Langley Research Center 

SUMMARY 

A 30° included-angle cone was calibrated to permit determination of the local Mach 
number, total pressure,  and flow angles from measurements of total pressure at the cone 
apex and static pressure at four equally spaced orifices on the cone surface. The cali­
bration data were obtained at Mach numbers of 1.51, 2.37, 2.96, and 3.51 over an angle­
of-pitch range of Oo to 20°. The test Reynolds number ranged from 6.56 X lo6 to 
9.85 X lo6  per  meter. The test results indicate that the accuracy of Mach number 
determination varies f rom approximately ~t0.010to *0.050 at Mach numbers of 1.51 t o  
3.51, respectively. The accuracy of the total-pressure measurement varies from 
approximately *0.5 percent to  A . 5  percent at Mach numbers of 1.51 to  3.51, respectively. 
The flow angles may be determined within approximately rtO.25O for angles less  than 10' 
and within approximately M.5Oo for angles greater than 100. Generally, an iterative 
procedure is required only for accurate determination of the Mach number and total 
pressure at Mach numbers near or greater than 2.37, with angles of pitch above approxi­
mately 100. 

INTRODUCTION 

In order to  facilitate a survey of the flow field around a supersonic transport model, 
a rake of 30° included-angle cones was calibrated for determining local values of Mach 
number, total pressure,  and flow angles. Representative results of a typical cone of the 
rake are presented herein. 

A similar calibration of a 40° included-angle cone is given in reference 1. This 
calibration covered a Mach number range of 1.72 to  2.46. The present calibration covers 
a broader range of Mach number of 1.51 to  3.51. The data presented in this paper follow 
the format of reference 1. 
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SYMBOLS 

CP 
pressure coefficient, Ps - P1 

91 

M1 Mach number ahead of normal shock wave at cone apex 

PsC - P s adifference in pressure coefficient between orifices c and a, 
(fig. 2) 91 

difference in pressure coefficient between orifices d and b, 
PSd - psb 

(fig. 2) 91 

pt2 
pitot pressure behind normal shock wave at cone apex, newtons/meter2 


Ptl 
total pressure ahead of normal shock wave at cone apex, newtons/meter2 


PS static pressure on cone surface, newtons/meter2 


P1 static pressure ahead of normal shock wave at cone apex, newtons/meter2 


- 1P arithmetic mean of four static pressures ,  -(ps + psb + psc + psd),4 a 
newt ons/met e r 2  

91 dynamic pressure ahead of normal shock wave at cone apex, newtons/meter2 

u1 ’v1’w 1 velocities in X, Y, and Z directions, meters/second (fig. 2) 

VI velocity ahead of normal shock wave at cone apex, meters/second 

x,y,z body axes (fig. 2). 

CY angle of attack, degrees (fig. 2) 

P angle of sideslip, degrees (fig. 2) 

� angle of downwash, degrees (fig. 2) 

e angle of pitch (between cone axis and velocity vector), degrees (fig. 2) 
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(T angle of sidewash, degrees (fig. 2) 

4 radial or roll  angle, degrees (fig. 2) 

Subscripts: 

1 conditions ahead of normal shock wave at cone apex 

2 conditions behind normal shock wave at cone apex 

a,b,c,d positions of orifices on cone surface (fig. 2) 

e value at angle of pitch 

e = o  value at zero angle of pitch 

APPARATUS 

Model 

The model consisted of a rake containing four cones, each having an included angle 
of 30° and a maximum diameter of 0.635 cm. Each cone contained a sharp-lipped total-
pressure orifice at the apex and four equally spaced static-pressure orifices located at 
the same longitudinal cone station. All orifice diameters were 0.0508 cm. Angular and 
linear placement of the static orifices was within k3.00 and *0.0178 cm, respectively, of 
the desired locations. Details of the calibration rake and orifice locations a r e  shown in 
figures 1and 2. 

In general, the selection of the cone angle was  based on the following considerations: 

(1)A small cone angle permits a lower minimum Mach number before shock detach­
ment occurs with resulting regions of subsonic flow over the cone surface. 

(2) A large cone angle affords an increased pressure differential between opposite 
orifices when the cone is inclined and hence permits greater  sensitivity in determining 
flow angles. 

(3) A large cone angle is advantageous in delaying the onset of flow separation over 
the cone surface to  large flow angles. 

(4) A small cone angle tends to  allow a closer spacing of the cones without mutual 
interference. In particular, where multiple cones a re  used, as in a flow-survey rake, a 
closer spacing of the flow-field data points may be obtained. 
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Because the rake of cones was intended for a survey of the flow field of a supersonic 
transport model, a compromise of the preceding considerations, along with consideration 
of the expected ranges of the variables to be determined, led to the selection of the 30° 
cone angle. 

Tunne1 

The investigation was conducted in both the high Mach number and low Mach number 
test  sections of the Langley Unitary Plan wind tunnel. Each test section is approximately 
1.22 meters square and 2.13 meters  long. The tunnel is a variable-pressure, continuous-
flow facility with asymmetric sliding-block nozzles which permit continuous variation of 
the free-stream Mach number. The Mach number range of the high Mach number test  
section is 2.29 to 4.65, and the range of the low Mach number test  section, 1.50 t o  2.90. 

TEST CONDITIONS AND PROCEDURE 

The calibration data were obtained at Mach numbers of 1.51, 2.37, 2.96, and 3.51. 
In addition, a few selected data points were recorded at Mach numbers of 1.85, 2.01, 2.62, 
and 3.25. The stagnation temperature was 338.7O K fo r  all Mach numbers. The test 
Reynolds number ranged from 6.56 X lo6 to  9.85 X lo6 per  meter. The dewpoint, mea­
sured at stagnation pressure,  was maintained below 238.7O K to  minimize condensation 
effects. 

The tes t s  were conducted through an angle-of-pitch range of Oo to 20°. Data were 
recorded at regular increments in roll angle. Because of mechanical limitations of the 
support apparatus, the calibration was performed only through the range of positive pitch 
angles. Before data were recorded at angles of pitch, the model support mechanism was 
positioned so that the rake was in approximately the same area of the test  section as that 
which it occupied at zero angle of pitch. In this manner, effects of possible deviation in 
flow angularity throughout the test  section were minimized. In addition, the axis of rota­
tion of the rake was coincident with the center line of one of the cones. At each angle of 
pitch, the rake of four cones was rotated through a roll-angle range of *goo, thereby pro­
viding data corresponding to  upright and inverted cone positions for each pair of diamet­
rically opposed orifices. 

A comparison of the data was made for the four cones at each Mach number with 
the pair  of diametrically opposed orifices located in the pitch plane in both the upright 
and inverted positions (@I= -90' and 90'). For each cone, the slopes of the curves of 
(Ap/ql)E as a function of pitch angle were the same for  both the upright and inverted 
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positions, which indicates that the effect on the data of variations in the dimensions of the 
cones and in the angular and linear spacing of the orifices within the specified tolerances 
was negligible. 

Based on repeatability of data and calibration of the instrumentation, the accuracy 
ranges of the experimentally measured quantities at each test Mach number a re  as 
follows: 

Cp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . *0.005 
-p/pt2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *0.002 

M1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  fO.005 

8, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *O.l 

+, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *O.l 

RESULTS AND DISCUSSION 

Representative results for one of the 30° included-angle cones of the calibration 
rake are presented in a manner similar to  that of reference 1. A description of how each 
of the local flow parameters may be determined through the use of the included charts is 
given. In addition, a typical example of the numerical procedure involved is contained in 
the appendix. 

Pressure  Distribution 

Presented Ln figure 3 a r e  the pressure distributions on the cone surface for the 
Mach numbers and angles of pitch of the tests. All regions have positive pressure coef­
ficients, with the exception of a few small  regions of negative pressure coefficients on the 
leeward side of the cone, which occurred when the cone was at angles of pitch of 17.5O 
and 20°. In figure 4, a few of the measured pressure coefficients a r e  compared with those 
theoretically determined. The calculated values obtained by using the first-order non­
linear theory of reference 2 are considerably less  than the experimental values near the 
top and bottom of the cone. Fair agreement is obtained along the side of the cone. The 
second-order nonlinear theory of reference 3 gives good agreement with the experimental 
results over the complete radial-angle range. Use of reference 4 was made to obtain 
constants required in the application of references 2 and 3. Similar agreement between 
experimental and theoretical data is reported in reference 1. 

Mach Number 

The local Mach number may be determined' for zero angle of pitch from the ratio of 
the average static pressure on the cone surface to the pitot pressure.  Values of this ratio 
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obtained from measured pressures  are shown in figure 5 along with those theoretically 
determined by using reference 5. The values of Mach number used in preparation of this 
figure were determined from the ratio of the measured values of the pitot pressure to the 
test-section stagnation pressure by use of the normal-shock-wave relations. As can be 
seen, agreement is quite good over most of the Mach number range. 

For cases  of flow inclination to  the cone axis, the ratio of the average of the four 
static pressures  measured at the cone surface (F) to  the pitot pressure may be used to  
determine the Mach number, provided a procedure for correcting the value of this ratio 
for inclination effects is followed. Figure 6 indicates the experimentally determined 
effect of pitch on the ratio of the average static pressure t o  the pitot pressure for each 
Mach number of the tests. Data for corresponding roll angles were averaged, for exam­
ple, data measured at = loo,  -loo, 80°, and -80°, since, from symmetry, the averaged 
values of the static pressures  would be expected to  be equal. Some of the test  data were 
recorded at roll-angle increments of 15O. In order to  present all data at 100 increments, 
these data were cross-plotted, and the corresponding values for loo  roll-angle incre­
ments were determined. These cross-plotted data a re  indicated by the dashed curves in 
the figures. As can be seen by comparing figures 6(a) to 6(d), the departure of the pres­
sure ratio from that at zero angle of pitch increases with increasing pitch angle. Fur­
ther,  the parameter plotted changes from values less  than 1.0 to values greater than 1.0 
as the Mach number increases from 1.51 to 3.51. 

The procedure to  be followed in determining the local Mach number is first.t.0 
assume that 8 = Oo. Through the use of figure 5, a first approximation to the Mach 
number may be obtained for the measured ratio of 5i/P2. In order  to  correct this Mach 
number for flow inclination to the cone axis, the values of the local flow angles must first 
be known. These angles may be determined by following the procedure outlined under the 
heading "Flow Angles.'' By knowing the values of the local flow angles, a correction fac­
tor for  F/pt2 may then be determined from figure 6 and a new value of p/pt corre­2 

sponding to 8 = Oo computed. (See example in appendix.) A second approximation to 
the local Mach number may now be made from figure 5. In general, an iterative proce­
dure is followed until the Mach number approximation is within the desired limits. Usu­
ally, for small angles of pitch, the first approximation is sufficient. For Mach numbers 
near o r  greater than 2.37, with angles of pitch above approximately loo, an iterative pro­
cedure is required. One iteration normally provides a satisfactory value. A similar 
iterative procedure was also found adequate in reference 1. 

Flow Angles 

The flow angles a r e  determined by the differences in pressure on the cone surface 
between the diametrically opposed static orifices. The measured pressure differences 
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obtained for each Mach number of the calibration tes ts  are presented in figure 7. As can 
be seen, the data do not pass through the origin. This is probably due to small effects of 
misalinement and flow angularity. 

The data from figure 7 have been replotted in figure 8 so that values of 8 and c$ 
may be read directly for measured values of (Ap/ql)� and (Ap/ql)a. These data were 
first shifted so that each curve in figure 7 would pass through the origin. Because of 
symmetry, values of 6 and c$ for each quadrant may be obtained from the data pre­
sented in one quadrant only by using the sign convention indicated in figure 8. A compari­
son of figures 8(b) and 8(c) for Mach numbers of 2.37 and 2.96, respectively, shows negli­
gible or small  effect of Mach number on values of (Ap/ql)� and (Ap/ql),. However, at 
a Mach number of 1.51 (fig. 8(a)) and for angles of pitch above approximately 8O at a Mach 
number of 3.51 (fig. 8(d)), there is considerable variation of the values of (Ap/ql)� and 
(Ap/ql)o from those obtained at Mach numbers of 2.37 and 2.96. 

In order to determine the flow angles E and cr in te rms  of 8 and 4, the fol­
lowing relations may be used: 

tan E = -tan 8 cos C$ 

tan cr= tan 8 sin C$ 

Figure 9 presents values of E and 0 for values of (Ap/q1)� and (Ap/ql)O so  that 
these angles may be obtained directly from the measured pressure differences between 
diametrically opposed static-pressure orifices. The sign convention to be used for each 
of the quadrants is indicated in figure 9. 

In order to determine the angles of attack and sideslip, the following relations may 
be used: 

tan a = tan 8 cos cp 

sin p = -sin 8 sin 

Total Pressure  

The local total pressure is determined from the pitot pressure and the normal­
shock-wave relations. For the scope of the present tes ts ,  figure 10 shows the measured 
pitot pressure to be unaffected by variation of the angle of pitch at each of the tes t  Mach 
numbers. 

Accuracy of Results 

Use of the data and methods in this paper, along with cones of similar tolerances 
and instrumentation of similar accuracy should permit accuracies in determining the 
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local flow parameters,  based on excursions from the average, as follows: 

~ 

Accuracy 

E or  a,
Ptl '  deg

percent 
Range Accuracy 

50.5 0 to 15 k0.25 

51.5 0 to 10 50.25 
> 10 5.50 

53.0 0 to  10 50.25 
> 10 5.50 

54.5 0 to 10 50.25 
> 10 5.50 

It should be recognized, however, that e r r o r s  larger  than these could result from mea­
surements in the immediate vicinity of abrupt flow discontinuities. 

SUMMARY OF RESULTS 

A 30° included-angle cone has been calibrated at Mach numbers of 1.51,2.37,2.96, 
and 3.51 at angles of pitch from Oo to  20°. Through use of the measured cone pressures  
and the calibration charts presented, local values of Mach number, total pressure,  and 
flow angles may be determined. The accuracy of Mach number determination varies from 
approximately 50.010 to  50.050 at Mach numbers of 1.51 to  3.51, respectively. The accu­
racy of the total-pressure measurement varies f rom approximately 50.5 percent to 
34.5 percent at Mach numbers of 1.51 to 3.51, respectively. The flow angles may be 
determined within approximately *0.25O for angles less  than loo and within approximately 
50.50° for angles greater than 10'. Generally, an iterative procedure is required only 
for accurate determination of the Mach number and total pressure at Mach number near 
or greater than 2.37,with angles of pitch above approximately loo. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., April 5, 1968, 
720-03-01-02-23. 
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APPENDIX 

NUMERICAL EXAMPLE 

In order to  illustrate the use of the described procedure for determining the local 
values of the Mach number, total pressure,  and flow angles from the measured cone static 
and total pressures ,  a numerical example is given. The assumed pressures  are 

= 5611.6 N/m2
'Sa 

"b 
= 6444.7 N/m2 

PSC = 10 619.9 N/m2 

psd - 9015.9 N/m2 

Pt2 = 37 528.6 N/m2 

The arithmetic mean of the four static pressures  is 

- 1  2
P = q(Psa + Psb + Ps, + psd) = 7923.0 N/m 

and the ratio of this static pressure t o  the pitot pressure is P/pt2 = 0.211. By assuming 
first that 6 = Oo, a tentative Mach number of 2.50 is obtained from figure 5. For 
8 = Oo, the total-pressure ratio pt 2 p 1  

is given by the theoretical normal-shock-wave 

relations tabulated in reference 6. For M1 = 2.50,this ratio is pt2/ptl = 0.4990, and 
the total pressure ptl is 

The dynamic pressure q1 is given by 

= 0.2561(75 207.6) = 19 260.7 N/m2 

where the ratio q1/pt 1 is given by the theoretical isentropic flow relations also tabu-­
lated in reference 6. Dividing the pressure differences across  both pairs  of orifices by 
the dynamic pressure gives 
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APPENDIX 

psd - psb 	- 9015.9 - 6444.7 = 0.133 -
19 260.7 

The downwash and sidewash angles from figure 9(b) are E = -7.9O and (T = 3.8O. In 
order  to  correct the Mach number, the angles of pitch and roll must be known. From 
figure 8(b), 8 = 9.0° and @ = 25.5O. The correction factor f rom figure 6(b) is 

The corrected value of p-Ipt2 corresponding to  6 = Oo is 

- 0.211 ­-=  --- 0.208
1.015 

e=o 

From figure 5, the second approximation to  the Mach number is M1 = 2.53. Using this 
new Mach number gives pt2/ptl = 0.4871 from reference 6. Because the angle of pitch 
has no effect on the pitot pressure for  angles less than 20° (fig. lo ) ,  the pitot pressure 
need not be corrected to  an equivalent value at 8 = 0'. The second approximation to  the 
total pressure is 

and the dynamic pressure is 

q1 = (0.2503)(77 045.0) = 19 284.4 N/m2 

Because the second determination of the dynamic pressure is essentially the same as the 
first, the angles of pitch and roll need no correction. Further iteration is unnecessary 
because the correction factor@of figure 6 would be unchanged. 
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.005 


Section A-A 
Twice size 

4 static orifices (.0508diam) 
spaced at 90" intervals 

Pitot orifice 
(.0508d i m )  

A A 

Figure 1.- Calibration rake. All dimensions in  centimeters un less otherwise stated. 
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X 

Figure 2.- Orif ice designation and angle notation. 
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Figure 3.- Continued. 
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(d)  M i  = 3.51. 

Figure 3.- Concluded. 
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Figure 4.- Comparison of experimental and theoretical pressure distr ibutions on cone surface. 

18 




--- 
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First-order nonlinear theory (Reference 2) 
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Figure 4.- Continued. 
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First-order nonlinear theory ( Reference 2) 

n 
0 
+­

h 

.-
0 40 80 I20 160 zoo 


360 320 280 240 200 

Rad i o I angle ,+,deg 

( d )  Mi = 3.51. 

Figure 4.- Concluded. 
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Figure 5.- Effect of Mach number on static-pitot pressure ratio at  zero inclination, 
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Figure 6.- Effect of angle of pitch on ratio of average static pressure to pitot pressure. (Dashed portions of curves indicate cross-plotted data.) 
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Figure 6.- Continued. 
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Figure 6.- Continued. 
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Figure 6.- Concluded. 
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Figure 7.' Effect of angle of p i tch on static-pressure dif ference coefficient. (Dashed port ions of curves indicate cross-plotted data.) 
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Figure 7.- Continued. 
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Figure 7.- Continued. 
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Figure 7.- Concluded. 
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8 Negative 8 NegativeiQ, Positive + Negative 
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(a) M1 = 1.51. 

Figure 8.- Chart for determination of pitch and roll angles. 
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8 Positive 8 Pos i t  ive+ Negative +Positive 
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+=0° Ioo Sign Convention 

( b )  M i  = 2.37. 

Figure 8.- Continued. 
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(c) Mi = 2.96. 

Figure 8.- Continued. 
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(d)  Mi = 3.51. 

Figure 8.- Concluded. 
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E Negative E Negative 
uNegative cPosit ive 

E Positive E Positive 
u Negative u Positive 

Sian Convention 

0 .I .2 .3 .5 .6 

( a )  M1 = 1.51. 

Figure 9.- Chart for determination of downwash and sidewash angles. 
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(b)  M i  = 2.37. 

Figure 9.- Continued. 
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(c)  M i  = 2.96. 

Figure 9.- Continued. 
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(d) M i  = 3.51. 

Figure 9.- Concluded. 
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W Figure 10.- Effect of incl ination o n  pitot pressure. 
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